Ultra-short pulsed laser removal of thin film blood contamination at glass surface has been studied. Utilizing plasma mediated ablation effect, the blood contamination was transformed into plasma cloud and collected with a vacuum system. A laser beam (wavelength 1552nm, pulse duration 1.2 picosecond) is focused into a working spot and scanned over the contaminated x-y plane area via an automated stage. The ablation effects of different laser parameters (pulse repetition rate, pulse energy) are demonstrated. The ablation result is evaluated with microscope.
INTRODUCTION
Surface cleaning is a very broad field with various extensively studied aspects, such as cleaning material and matters like chemical agents, medical/biological wastes, radioactive wastes, metal oxides, bacterial, particles, etc, from the surface of a certain material. Traditional surface cleaning usually adopts washing with chemical agents in liquid environment. Many techniques have been long developed, practiced and matured over time. However, traditional surface cleaning techniques usually produce large quantity of liquid which are environmentally unfriendly, especially when the removed contamination is hazardous, which poses challenge to its disposal. Also, there are specific applications that require the contamination process be carried out in dry environment, with less mechanical force and contact. These special requirements call for new ideas and innovations in surface decontamination techniques.
Laser technology holds several advantages which make it suitable to apply to surface decontamination: non-intrusive, easy to integrate into operation system, removed material can be easily collected via ventilation system, etc. Many researchers have explored lasers in different surface processing applications such as surface patterning [1, 2] , radioactive decontamination [3, 4] , oxide layer ablation [5, 6] , bactericidal effect on surface [7] , surface modification [8] , surface cleaning [9] [10] [11] , etc. However, to the authors' knowledge few research on USP (ultra-short pulse) laser removal of thin film area contamination has been reported. USP laser's unique characteristics of low total energy, high energy flux with extremely small time scale induce precise micro-machining with minimum-thermal damage [12] . These advantages render it highly flexible and useful in treating different contamination on various substrates.
In this paper we report the application of USP laser on cleaning of blood contamination on glass surface via plasma mediated ablation. The mechanism of USP laser ablation is totally different from the ablation mechanism of longer pulsed laser (order of ns or higher) and continuous wave laser. Typical laser ablation relies on linear photon absorption and thermal effect, while USP laser ablation is governed by laser induced plasma-mediated ablation, also known as laser induced optical breakdown [13] . The mechanism of this technique is that the extreme large transient energy flux interact with the material that it is delivered to so that electrons are knocked out of the atoms and the contamination turns into an expanding plasma cloud through which the contamination leaves the surface and can be collected through an extraction system.
In this paper we studied the USP laser ablation of solid and contaminant layer materials. The effects of different pulse parameters such as pulse energy and pulse rate on line scanning feature are investigated. Area decontamination is tested with selected laser fluence values. A demonstration of blood stain contamination removal is carried out at the end.
MATERIALS AND METHODS

Laser
Laser decontamination experiments are performed using an Erbium Doped Fiber Laser (Raydiance.Inc). The laser system operates at wavelength 1552 nm with pulse duration of 1.2 picosecond. The repetition rate is tunable between 1 to 500 kHz and the laser output pulse energy can be varied between 1-5 µJ.
Sample materials
To carry out parametric study of the laser ablation feature and demonstrate surface decontamination effect, several materials are used in this experiment: Typical microscopic glass slides (75×50×1mm), PDMS Polymer and blood.
Polydimethylsiloxane (PDMS) is the most widely used silicon-based biodegradable organic polymer. It is optically clear, inert, non-toxic and non-flammable. To prepare PDMS sample, liquid PDMS curing agent and base agent are stir mixed at weight ratio 10:1 by cylinder. Then the mixture is put into vacuum chamber and pump until there is no bubble in the liquid. After PDMS mixture is poured into petri-dish or glass container and heated for 8 minutes at 150 ℃, it becomes solid and can be cut for experimental use. The PDMS samples made for this experiment are about 3 mm thick.
Contaminated material
Blood is a very common type of contamination present to medical or surgery device surface. To carry out surface decontamination experiment sheep whole blood with anticoagulant citrate (Hemostat Laboratories) is used as surface contaminant. The blood is preserved in refrigerator at 4℃. Before experiment the blood is smeared onto the surface of glass slides as contamination and exposed in air at room temperature for 12 hours to dry. Then a thin layer of blood stain was formed on the surface. The thicknesses of the blood stain layers were measured to be between 3-5µm by a stylus profiler (Dektak 3030).
Experimental setup
The laser beam is modified by an astigmatism correction mirror and is launched into a long working distance objective lens (M Plan Apo NIR 20x, Mitutoyo). The diameter of the focused laser spot was about 8 µm. Figure 1 shows the sketch of the experimental setup.
The contaminated glass sample is fixed to a custom-made altitude-adjustable stage which was stabilized on a 3-D automated Precision Compact Linear Stages (VP-25XA, Newport). The 3-D stage is controlled by Labview. The sample moves with the stage in the x-y plane so the focused spot is rastered across the contaminated area. Single line scanning experiment is carried out to study the ablation feature of laser Figure 1 . Schematic diagram of the experiment setup with different amounts of pulse energy. Then area scanning is carried out with different pulse repetition rates. To achieve area decontamination effect, multiple successive scanning lines were densely arrayed so they overlap and form an evenly processed area. The ablation depth is measured by a profiler. To collect the aerosols formed from the removed contaminants, an extraction vacuum (FX225, EDSYN) is used and the extraction nozzle is pointed at the sample with about 3 cm clearance. After laser scanning, the sample is observed under digital microscope or SEM and decontamination effect is evaluated.
RESULTS AND DISCUSSION
Images of representative scanning lines at glass, PDMS and blood contamination are shown in Figure 2 . An ablative scanning line is formed from the overlap of multiple pulse ablation cavities. Figure 3 shows the effects of laser pulse energy and pulse rate on scanning line width on blood layer, glass and PDMS (Polydimethylsiloxane). As shown in Figure 3(a) , the scanning line widths with respect to various laser single pulse fluences (4.54J/cm 2 , 4.02J/cm 2 , 3.07J/cm 2 and 2.07J/cm 2 ) are measured with a digital microscope. The pulse rate is set to 1pulse/µm. We can see that for all the three materials the ablation width increases with the single pulse fluence. The widths of the ablative scanning lines on blood contamination layer exhibits relatively large fluctuation as compared with line scanning results on rigid dielectric materials like glass and PDMS polymer. This is due to the difference in the property of the materials. The dry blood stain layer is not rigid isotropic material. For glass and PDMS polymer, the dominating ablation effect is plasma mediated ablation, in which when the pulsed laser energy is delivered to the surface and absorbed, material within the focal volume is transformed into plasma and ejected away from the surface. This also happens in the focal volume on blood stain layer. What is different for the case of blood is that the expansion and ejection of the plasma vapor plume also blow non-neglectable amount of surrounding material away from the surface, due to the floppy nature of the dried blood stain. The amount of material taken away depends on the different local material morphology (existence of crack formed during the drying process, direction of the crack. etc), resulting in the variation of the scanning line width. The uniformity of line scanning feature (low deviation of scanning line width) is very crucial in precise micro-machining. For our application in surface decontamination, however, it is not strictly required. We can control the overlap of the scanning lines to make sure the processed area reach required cleaning effect. Figure 3(b) shows the effect of pulse rate on scanning line width. The stage moving speed is fixed at 20mm/s. The repetition rates 5 kHz through 50 kHz, which rend pulse rates through 0.25 to 2.5pulse/µm, are tested and the pulse fluence is set to 4.54J/cm
2 . An optimum pulse rate is crucial to achieve satisfying ablation effect with high ablation efficiency. For glass and PDMS polymer, the line widths exhibit an increasing trend with the increase of pulse overlap rate, but when the overlap of the pulse reaches a certain level, for example 1 pulse/µm, the line width grow very slowly as the pulse rate increases. Contrary to our expectation, the line width on blood stain surface exhibit a small decreasing tendency initially with the increase of pulse rate, then it flattens. The ablation feature is a combination of the effect of plasma mediated ablation, the acoustic wave generated by the laser pulse, and ejection of particles and expansion of plasma and vapor. Figure.4 shows several area decontamination results on sheep whole blood at the surface of glass slide. 1mm wide strips were scanned with scanning lines is 2µm apart. The focus waist (1/e 2 ) of the laser is about 8µm, and from the line ablation feature in Figure 2 we know that ablation line width is in the 6-10µm range, depending on the pulse fluence. However, we still choose the line spacing between two consecutive lines to be 2µm in order to achieve optimum area ablation effect despite of the ablation inconsistency caused by the factors such as vibration and wavy motion of the stage, surface morphology variation, etc. The stage moved in the x-y plane with a velocity of 20mm/s and the laser repetition rate is 20 kHz, which render a 1pules/µm pulse rate along scanning line. Four sets of pulse energy are applied so the ablation effects of laser single pulse fluence at 4.54J/cm 2 , 4.02J/cm 2 , 3.07J/cm 2 and 2.07J/cm 2 are examined. As we can see in Fig 4(a) , when the laser fluence is low, the ablation depth of the scanned laser is shallow. So only a top layer of the contamination is removed while a certain thickness of contamination film remains intact on the surface. As the laser fluence increased, the ablation depth increased and the decontamination effect improved (Figure 4(b) ). The optimum result is obtained with the highest laser fluence (Figure 4(c) ). The SEM picture of 4.54J/cm 2 fluence, 1pulse/µm laser ablation result is shown in Figure 5 . The picture is taken at the edge of the scanned area so we can compare the ablated and non-ablated surface. The crack in the contamination layer should be formed from the drying of the blood before the laser ablation experiment. We can observe similar crack all over the contamination area under a microscope (refer to Figure 4) . From the SEM picture we can see that there is still small amount of residue attached to the surface while the bulk contamination is removed. By stylus profiler measurement the ablation depth at fluence 4.54 J/cm 2 reached the total thickness of the contamination layer, which is about 3.5 µm. Full parametric study could give us a window of laser fluence that would optimally removed the contamination layer while cause no damage or limited damage to the substrate at a given thickness. A demonstration of blood stain decontamination was carried out with laser single pulse fluence 4.54J/cm 2 and pulse rate 1pulse/µm with 2µm spacing between two consecutive Figure 5 . SEM image at the edge of ablated blood contamination with 4.54 J/cm 2 , 1 pulse/µm laser pulses scanning lines. The result is shown in Figure 6 . We can clearly observe the removal of the contamination from the views before and after the USP laser treatment. The marked black frame in Figure 6 (b) is about 11mm×8mm. In this experiment we carefully align the focus spot right above the surface so that an optimum decontamination effect is achieved. As we can see that after one time area scanning most of the blood contamination is removed. Figure 6 (c) shows that after the residual is washed away, we observe no damage on the substrate glass surface and the surrounding area.
CONCLUSION
Ultra-short pulsed infrared laser ablation parameter was study on blood contamination with comparison to transparent dielectric material like glass and PDMS polymer. The application of 1552nm, 1.2ps USP laser ablation to surface decontamination was demonstrated with blood contamination on glass surface. With optimum laser parameters and precise alignment control most of the contamination can be removed without causing damage to the substrate. Given the confined thermal effect advantage of USP laser ablation, future potential application include decontamination and remove material on soft biological tissue surface.
